Hypophosphatemia, hyperphosphatasemia, and phosphate diabetes in vitamin D deficiency rickets are considered to be due to secondary hyperparathyroidism. It is still questionable whether hyperaminoaciduria in rickets also may be due to hyperparathyroidism. In an attempt to clarify the pathomechanism of tubular transport of phosphate and free amino acids in humans with rickets, clearance studies were performed in three infants (3.5-5 months of age) with mild rickets and in six infants (21 -25 months of age) with severe rickets. In three of the six with severe rickets clearance studies were repeated after 58, 70, and 111 days, respectively, of treatment with vitamin D. Glomerular filtration rate was estimated by use of inulin. Free amino acids in serum and urine were determined by ion exchange column chromatography. It was considered essential to use age-matched control values for comparison.
Introduction
Vitamin D deficiency rickets is characterized biochemically by hypophosphatemia, elevated alkaline serum phosphatase activity, enhanced renal phosphate excretion, and renal hyperaininoaciduria. Hypophosphatemia, hyperphosphatascmia, and phosphate diabetes are considered to be due to secondary hyperparathyroidism, as investigations by several authors suggest [1, 3, 39, 45, 50, 55, 68] . Renal hyperaminoaciduria, on the contrary, is attributed by most investigators to direct effect of vitamin D deficiency [16, 35, 40] . Recently, however, the group of Scriver, Kooh and Frascr [22, 29, 65] postulated that hyperaininoaciduria in vitamin D deficiency also may be due to secondary hypcrparathyroidism.
In an attempt to clarify further the patliomechanism of tubular transport of phosphate and free amino acids in vitamin D deficiency in humans, tubular reabsorption of phosphate and amino acids was estimated by clearance studies in infants presenting with mild and severe rickets. The following procedures were established to provide precise information. (/) Estimation of tubular reabsorption of phosphate and amino acids by clearance studies with simultaneous measurements of glomerular filtration rates, since determination of urinary excretion rates does not suffice to describe tubular functions thoroughly. (2) Determination of individual amino acids in blood and urine to separate excretion of free amino acids from oligopeptiduria and excretion of bound amino acids which are also known to occur in rickets [43, 64] . (3) Evaluation of aminoaciduria, serum phosphate concentrations, levels of phosphate excretion in urine, and glomerular filtration rates compared with age-matched control values, since these functions are known to change considerably during the 1st year of life [8, 11, 49, 56, 63, 69] .
Materials and Methods

Patients
Clearance studies were performed in three infants (3.5-5 months of age) exhibiting mild rickets and in six infants (21-25 months of age) suffering from severe rickets. None of the younger infants had received vitamin D supplementation; none of the older infants had received vitamin D within the last 12 months before examination. The three younger infants had mild rickets (see Table I ) with discrete roentgenologic findings (minimal ostcochondral and long bone changes, dcmincralization of the skull). This group was comparable to stage I, of Fraser ct al. [22] , except that only one of our infants had had hypocalcemic tetany shortly before admission to the hospital. The six older infants showed severe florid rickets with advanced rickety bone changes on x-ray. They were comparable to stage 11-111 [22] . The biochemical findings (levels of P and Ca in serum and alkaline phosphatase activity) are summarized in Table I . All infants responded to oral treatment with vitamin D (1000-3000 IU/24 hr) with prompt healing of the rickets.
In three of the infants with severe rickets (GK, MA, MW) clearance studies were repeated after 58, 70, and 111 days, respectively, of vitamin D treatment, in order to follow up the development of hyperaminoaciduria.
Methods
The procedures of short term clearance studies were the same as described previously [12] . Infants were fasted overnight and received adequate amounts of fluids orally to sustain a good diuresis while on study. All examinations were done in the morning. Glomerular filtration rate was measured with inulin. Amino acids were determined in serum and urine by ion exchange column chromatography using the AutoAnalyzer [71] [13] . Inulin in serum and urine was determined by a microadaption of the method of Roe, Epstein, and Goldstein [62] , phosphate by the method of Fiske and SubbaRow [20] , calcium by atomic absorption spectroscopy [46] , and alkaline phosphatase activity by the method of Richterich and Gautier [58] .
Tubular amino acid transport was calculated according to standard formulas (see reference 12) and was evaluated in two ways: (1) by the data of the individual amino acids measured and (2) by mean val- infants and [12] .
ues or sums, respectively, of all free amino acids. For calculating mean or sum values only those amino acids were used which could be determined in all subjects. These were threonine, serine, proline, glycine, alanine, valine, cystine, isoleucine, leucine, tyrosine, phenylalanine, ornithine, lysine, histidine, and arginine.
For control values of amino acid transport, data from 12 infants (16 days-4 months old) and 12 children (2-13 years old), respectively, were used [12] . For phosphate values, age-matched groups of 10 infants (3-6 months of age) and 14 older infants (1-2 years of age) were selected, in whom clearance studies were performed in exactly the same manner for various rea- 
Results
Phosphate Metabolism
Results of clearance examinations and mean values of the group with mild and severe rickets are compared with those of age-matched control groups and with each other (Table II) . Infants with mild rickets showed significantly lower values for serum phosphate (P P , P < 0.001) and elevated values for endogenous phosphate clearance (C P , P < 0.005) than did normal infants. Their percentage tubular phosphate reabsorption (TRP) was decreased correspondingly. Urinary excretion rates of phosphate (U P V) were the same in patients with rickets as in normal subjects. Serum concentrations of calcium (P Cn ) were slightly lower in infants with rickets than in normal subjects.
Infants with severe rickets also showed decreased levels of serum phosphate (P < 0.001) in comparison to normal infants. The values for C P were significantly increased (P < 0.005), and the TRP slightly decreased. The U P V rates were again undistinguishable from normal values. Values of phosphate metabolism in patients with mild rickets were compared with those found in patients with severe rickets in a dual way: as actual values and their differences (Table II) , and as ratios of actual values to normal mean values of age-matched controls. The latter design is shown in Figure 1 , where the ratios of the individual subjects (X|/X I10rm ) are depicted in the same order as listed in Table I ; horizontal lines represent the mean values of these ratios.
As seen in Table II , actual values of P P were higher in the younger infants with mild rickets than in the older infants with severe rickets. This difference, however, is age-dependent, for the ratios of individual values to age-matched control values were almost identical in both groups (Fig. 1 ). The actual rates of phosphate excretion and phosphate clearance were higher, and that of percentage TRP significantly lower in the infants with mild rickets than in those with severe rickets. Again, this situation has to be considered as a function of age rather than of severity of ricket state, as seen in the ratios (Fig. 1) , where only minimal differences are visible between these two groups.
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Glomcrular Filtration Rate
The glomerular filtration rate (C In ) was normal or slightly elevated in the infants with mild rickets (Table II; Fig. 1 ). In infants with severe rickets, C In corrected to surface area of adults in the usual way was significantly elevated above control values. Because infants with severe rickets show growth retardation, which produces errors in surface area determinations, absolute values of C In were compared. Infants with severe rickets had a mean C In value of 43.5 ± 10.4 ml/min; the 14 control infants (1%2~2 1 % 2 years of age) had a mean value of 36.6 ± 7.8 ml/min. This difference, however, was not statistically significant (P < 0.1). It may be concluded that there seems to be a tendency for higher glomerular filtration rates in severe rickets, but that values expressed on the basis of surface area give spuriously high rates. This situation has to be considered for all variables computed on surface area basis when dealing with infants with rickets. It was therefore very important to calculate fractional clearance rates or reabsorptions (as TRP, %T AA , C,,/C ln , C AA /C lB ) wherein this error is eliminated.
Free Amino Acids
Concentrations of free amino acids in the serum of infants with rickets were not significantly different from those in normal subjects (Fig. 2) .
Mean urinary excretion rates of free amino acids (U AA V) in patients with mild rickets were significantly higher than those found in normal subjects (Table II) . The same result was found for mean values of endogenous clearance rates (C AA ) of free amino acids which are increased more than twofold. The mean of percentage tubular amino acid reabsorption (%T AA ) in mild rickets was lower than that found in normal infants (94.7 versus 96.5%). This difference, however, was not statistically significant.
In patients with severe rickets, mean values of U AA V and C AA were greatly elevated, and those of %T AA significantly lower than those found in normal subjects (95.4 versus 98.6%).
Actual values of amino acid transport and ratios of actual values to age-matched mean control values (xj X norm ) were compared between both groups in the same manner as used for phosphate transport. There were somewhat higher actual values for U AA V and C AA in patients with severe rickets than in those with mild rickets (Table II) , but %T AA was slightly more complete in the severe rickets (older infants) than in the mild rickets (younger infants). In relating the actual values to age-matched control values the differences between mild and severe rickets become much more pronounced (Fig. 3) . The U AA V, C AA , and the ratio C AA /C lD (which is reciprocal of %T AA ) were much more influenced in infants with severe rickets than in those with mild rickets. The differences in C AA /C In were highly significant (P < 0.005).
Individual amino acids show great differences of involvement in vitamin D deficiency. Figure 4 illustrates the clearance rates of individual free amino acids in patients with mild and severe rickets. The pattern of involvement is almost identical, although the mean values of some amino acids were higher (glycine, cys- tine, lysinc, histidine) or lower (proline, tyrosine) in severe than in mild rickets.
The %T AA of individual amino acids in the three infants with mild rickets is depicted in Figure 5 , and that of six infants with severe rickets in Figure 6 , each in comparison with normal values seen in age-matched control groups. A comparison of the means and ranges of %T AA observed in mild and severe rickets is shown in Figure 7 . The amino acids whose tubular reabsorption was most affected in rickets were threoninc, scrinc, glycine, cystine, tyrosine, lysinc, and histidine. Some amino acids seemed to be either slightly influenced or not at all involved. These were valine, isoleucinc, leucine, ornithine, and arginine. In patients with mild rickets the decreased rate of tubular reabsorption of amino acids involved was not very impressive (Fig. 5 ) when compared with age-matched controls. In patients with severe rickets the deviations from normal values were much more pronounced (Fig.  6) . The actual values of %T AA in both groups, however, did not show clear-cut differences (Fig. 7) , and demonstrate the influence of age on the degree and profile of hypcraminoaciduria in rickets.
Correlation between Tubular Handling of Phosphate and Free Amino Acids
The hypothesis of Fraser el al. [22] concerning the pathogenetic role of hyperparathyroidism for renal hyperaminoaciduria in rickets was mainly supported by their finding of a positive correlation between the severity of impairment in tubular phosphate reabsorption and the degree of hyperaminoaciduria. Our own data, therefore, were compiled in a similar way. In Figure 8 the U AA V (sum of 15 free amino acids measured in all patients) was correlated with scrum concentrations of phosphate. As can be seen specifically in infants with rickets, there was no correlation evident between these two variables. In Figure 9 (left side), the ratio C AA /C ln is correlated to serum phosphate levels. Included arc data of normal infants and children and of three children with hypoparathyroidism. Again, there is no correlation visible between these variables within the group of rachitic patients. Neither is there a correlation between C AA /C ln and C,,/ C lu (Fig. 9, right side) . The only positive correlation found is between inulin clearance and amino acid clearance (Fig. 10 ). This correlation is not very close, but is statistically significant (r = 0.66; P < 0.02).
Course of Tubular Handing of Phosphate and Arni7io
Acids after Treatment with Vitamin D In three infants with severe rickets the clearance studies could be repeated after 58, 70, and 111 days, respectively, of treatment with vitamin D (1000--5000 IU/21 In). The data from the first and second clearance examinations are listed in Table III . The variables of tubular phosphate handling (/',., C P , TRP) all had returned to normal values within this period. The values of U AA V, C AA , and %T AA , however, had not returned to normal within the first 70 days of treatment. These variables were completely normal only in infant M\V who was rcexamined 111 days after beginning treatment. Figure 11 illustrates clearance rates of individual amino acids in infant MA before and 70 days after vitamin D treatment. The same amino acids, especially histidine, which were responsible for hypcraminoaciduria in florid rickets, contribute to the still elevated aminoaciduria. in mild rickets 100. These findings demonstrated that the defect of phosphate transport in rickets responds to vitamin D treatment much more rapidly than the defect in amino acid leabsorption.
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Discussion
The object of this investigation was the study of renal transport of phosphate and free amino acids in different stages of rickets. Accidentally, we had to restrict ourselves to a study of patients with mild and with very severe rickets. Further, it was not intended that these two groups be separated by age. It turned out, however, that all infants with mild rickets were young (3.5-5 months), and those with advanced rickets were older (21-25 months), which complicated interpretation of the results obtained. The urinary excretion rates of free amino acids (sum of 15 amino acids measured in each subject) in correlation to serum phosphate concentration in infants with rickets and in normal infants and children [12] . There is no correlation evident between these parameters in the rachitic group.
The results demonstrate tliat the tubular handling of phosphate and that of free amino acids follow different patterns in vitamin D deficiency rickets. The degree of hypophosphatemia is approximately the same in mild and severe rickets when the values arc related to age-specific control values (Fig. 1) . Hypophosphatemia is accompanied by a decreased tubular rcabsorption of phosphate. The degree of impairment in tubular phosphate reabsorption, again, is the same in mild and severe rickets. In actual values, U r V and C,, levels are lower in patients with severe rickets than in those with mild rickets, and the reverse true for TRP (Table II) . in infants with rickets, normal infants, and children [12] and three children with hypoparathyroidism. There are no correlations evident for these parameters.
phate reabsorplion seems to depend more on age rather than on severity of rickets, i.e., deficiency in vitamin D. Furthermore, the changes in phosphate metabolism seem to start early in vitamin D deficiency rickets, and then remain rather constant while the bony lesions and the defect in amino acid transport are still progressing. It may be worthwhile to observe that there were no differences in U,,]' between normal infants and infants with rickets, regardless of the age and stage of rickets (Table II) . This finding was in contrast to that of Fraser at al. [22] . The term phosphate diabetes, therefore, is only justified in relation to the simultaneously existing hypophosphatcmia.
The transport of free amino acids exhibits a pattern distinct from that of phosphate. The degree of impair- Table III. ment of tubular amino acid conservation seems to correlate positively with the seventy of rickets. In mild rickets hyperaminoaciduria is less severe than in severe rickets. This is especially true for the most sensitive variables of tubular amino acid reabsorption, the ratio C AA /C Jn , and the %T AA ( Fig. 3 ; Table II ). The defect is most obvious when the data of the rachitic group are related to those of age-matched controls. In actual values the differences in U AA V, C AA , and %T AA between young infants with mild rickets and older infants with severe rickets are not very pronounced ( Figs. 4 and 7 ; Table II ).
After treatment with vitamin D the abnormalities in phosphate metabolism returned to normal within a few clays [32, 43, and unpublished data] , whereas the disturbance in amino acid reabsorption was very slow to ameliorate ( Fig. 11 ; Table III), taking weeks until complete normalization was approached [9, 42, 43] . Here, again, discrepancies between phosphate and amino acid transport are evident. Furthermore, it was not possible to correlate the disturbance of phosphate metabolism with that of the tubular transport of free amino acids. Hyperaminoaciduria and tubular reabsorption of amino acids, in particular, did not correlate with hypophosphatemia (Figs. 8 and 9 ). In this respect the findings of Chisolm and Harrison [16] and Fraser et ah [22] could not be confirmed.
There is much evidence that the disturbance of phosphate metabolism in vitamin D deficiency is caused by secondary hyperparathyroidism. Parathormone is known to influence blood levels of phosphorus by changing the tubular reabsorption of phosphate [14, 19, 28, 33, 36, 49] . Humans with rickets exhibit parathyroid hyperplasia [52, 59] , and the diminished tubular reabsorption of phosphate can be converted to normal by infusion of calcium [15, 23, 68 , and unpublished data]. The bone lesions in rickets as viewed in roentgenograms or through the microscope show typical signs of hyperparathyroidism [39] .
Animal studies support these clinical findings: the parathyroid glands increase both in size and activity in vitamin D-deficient and hypocalcemic rats [4, 29, 30] . The hypophosphatemia and hyperphosphaturia in rachitic animals can be normalized by parathyroidectomy, which is reversed by administration of parathyroid extract [3, 29, 50, 51, 55] . Vitamin D-dcficient animals show complete or partial tubular unresponsiveness to administration of parathyroid extract [29, 34, 55] . The effect of vitamin D on hypophosphatemia and decreased tubular reabsorption of phosphate can be prevented by simultaneous administration of parathyroid extract [33] and is dependent upon the presence of intact parathyroid glands [45] .
It must be emphasized, however, that all of the findings enumerated provide no more than indirect evidence that the disturbance in phosphate metabolism in vitamin D deficiency rickets is produced by hyperparathyroidism. This, indeed, has been questioned [21, 32] . Phosphaturia can be produced by factors other than parathyroid extract, for example, extracellular volume expansion [24, 48, 66, 67] , thyrocalcitonin [2, 17, 26, 61] , cortisone [60] , infusion of glucose [38, 53] , sodium bicarbonate [25] , or glycine and alanine [7] . Furthermore, calcium might exhibit its inhibitory effect on phosphate excretion by direct action on renal tubules, as suggested by the findings of Lavender and Pullman [44] . To our knowledge no direct assessment Vitamin D deficiency rickets 601 of parathormone activity in the blood of infants or laboratory animals with vitamin D deficiency rickets has been tried since the early studies of Hamilton and Schwartz [31] . Almost all recent data concerning parathyroid hormone activity and regulation in human body fluids are derived from studies in patients with chronic renal insufficiency who have different alterations in phosphate and calcium metabolism [6] .
The disturbance in phosphate homeostasis observed in our patients with mild and severe rickets can be interpreted in at least three different ways. (1) The derangement of phosphate transport may be a rather insensitive aspect of hyperparathyroidism which does not permit quantitative evaluation of the degree of parathormone hyperactivity. (2) Endogenous parathormone activity may be increased early in vitamin D deficiency and then remain constant while rickets are progressing from mild to more severe stages. (3) The tubular transport system for phosphate reabsorption may respond to hypersecretion of parathormone only up lo a point which may be determined by the degree of vitamin D deficiency, the calcium content in body fluids, and the age of the subject. We are unable, at this point, to decide which of these interpretations would be the most rational one.
Similar difficulties arise in interpretation of the results of amino acid excretion. The degree of hyperaminoaciduria correlates with the severity of rickets. This can be seen in the data of Chisolm and Harrison [16] , Fraser at al. [22] , and our own findings. Since there are no quantitative data available on hyperparathyroidism in vitamin D deficiency states, we do not feel justified in postulating that the degree of hyperaminoaciduria reflects the progression of hyperparathyroidism in vitamin D deficiency. It seems advisable to state that the degree of hyperaminoaciduria is obviously correlated with the severity of rickets.
This does not deny the possibility that hyperparathyroidism may play a pathogenetic role in hyperaminoaciduria. There are certain findings which would indicate that parathormone affects the tubular reabsorption of amino acids. Hillman et al. [37] described an infant with neonatal hyperparathyroidism who demonstrated hyperaminoaciduria; similar findings also have been reported in patients with hyperparathyroidism [10, 17] . In the first case [10] , hyperaminoaciduria disappeared after resection of the adenomas; in the latter [47] , however, it persisted despite parathyroidectomy. In rats with rickets and hypocalcemia, parathyroidectomy abolishes the hyperaminoaciduria [29] .
Jonxis [40] did not find hyperaminoaciduria in two cases with hyperparathyroidism. Furthermore, there is no hyperaminoaciduria in vitamin D-resistant rickets in which parathyroid glands also are considered to be hyperactive [70] . Chisolm and Harrison [16] mentioned that only 1 of 16 cases with resistant rickets had hyperaminoaciduria, and this one was deprived of the usual prophylactic amounts of vitamin D. Calcium infusions produce a decrease in hyperaminoaciduria in rachitic children, as shown by Jonxis [41] , Fraser et al. [22] , and in our own laboratory (unpublished data). Phosphate infusion, however, did not increase the hyperaminoaciduria in one of our rachitic infants, as Fraser ct al. [22] had found in one of their children with rickets. In rachitic children, the administration of parathyroid extract is accompanied by an increase of amino acid excretion [35, and unpublished data] , but in normal and hypoparathyroid children this effect could not be elicited (own unpublished data). Therefore, it may be concluded that factors other than parathormone are necessary for the hyperaminoaciduria observed in vitamin D deficiency rickets. It may be speculated that vitamin D deficiency itself and/or hypocalcemia are such factors which render the proximal tubule more sensitive to the action of parathormone. This already has been suggested [32, 35] . Finally, we know of no reports in the literature where in infants with severe rickets glomerular filtration rates (GFR) had been measured with inulin. The only exception is the report of Berger and Stalder [9] who stated that in four of five patients with rickets the "filtered" amount of amino acids was elevated. In our cases GFR also seemed to be elevated although difficulties arose in determining an exact standard of comparison. In our six infants with severe rickets the PAH clearance was measured simultaneously with C In . The mean value of C 1>AtI was 692 ± 88 ml/min/1.73 m 2 , which is higher than normal (534 ± 104 ml/min/ 1.73 in 2 in our laboratory), but comparatively not as high as C In . The filtration fraction, which eliminates the error of surface area determination, was on the average 24.2 ± 3.1% (normal 21.8 =f c 2.1% in our laboratory). This is a further indication that C In indeed is elevated in severe rickets. These high rates of GFR obviously have an influence on the degree of hyperaminoaciduria, as shown by the positive correlation between C AA and C In (Fig. 10) . It may be tempting to speculate that elevation of GFR might also be the result of endogenous hyperparathyroidism in rickets. Administration of parathyroid extract is often accompanied by an increase in GFR [28, 35, 36, 50] , but this finding could not be confirmed by others [33, 45, 49] , and was considered to be the result of crude preparations of parathormone [5] . Furthermore, in two of our three cases, in whom the clearance studies could be repeated after weeks of vitamin D treatment, C In had not returned to normal within this period. It was, therefore, concluded, that elevation of GFR seems to be a long lasting effect of rickets and to be independent of hyperparathyroidism.
Summary
In three infants with mild rickets and in six infants with severe rickets the renal handling of phosphate and free amino acids was studied by clearance examinations with simultaneous measurements of glomerular Filtration rate. The values obtained were compared with normal values found in age-matched control groups and with each other. In three infants with severe rickets the clearance studies could be repeated after 58, 70, and 111 days, respectively, of treatment with vitamin D.
It was found that the disturbance in phosphate homcostasis and renal phosphate reabsorption in vitamin D deficiency was more age-dependent rather than a reflection of the degree of severity of rickets. The degree of hyperaminoaciduria, however, was correlated positively with the severity of rickets. It was not possible to establish a correlation between the disturbance in phosphate metabolism and the degree of hyperaminoaciduria. Insofar as the disturbance in phosphate metabolism was considered to reflect the hyperparathyroidism in vitamin D deficiency, it was not possible to relate the hyperaminoaciduria exclusively or mainly to hyperparathyroidism.
Glomerular filtration rate was found to be increased in patients with severe rickets. This could possibly contribute to the hyperaminoaciduria since a positive correlation was found between the clearance of free amino acids and the clearance of iimlin in the rachitic infants.
